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ABSTRACT: A simple theoretical model for increasing the protein stability by adequately redesigning the
distribution of charged residues on the surface of the native protein was tested experimentally. Using the
molecule of ubiquitin as a model system, we predicted possible amino acid substitutions on the surface
of this protein which would lead to an increase in its stability. Experimental validation for this prediction
was achieved by measuring the stabilities of single-site-substituted ubiquitin variants using urea-induced
unfolding monitored by far-UV CD spectroscopy. We show that the generated variants of ubiquitin are
indeed more stable than the wild-type protein, in qualitative agreement with the theoretical prediction. As
a positive control, theoretical predictions for destabilizing amino acid substitutions on the surface of the
ubiquitin molecule were considered as well. These predictions were also tested experimentally using
correspondingly designed variants of ubiquitin. We found that these variants are less stable than the wild-
type protein, again in agreement with the theoretical prediction. These observations provide guidelines
for rational design of more stable proteins and suggest a possible mechanism of structural stability of
proteins from thermophilic organisms.

How to stabilize protein structure? This question is not of the charge-charge interactions is likely to lead to stability
just of scholastic interest. The answer to this question hasenhancement. In the TKBK procedure 13), the interaction
immediate importance for the biotechnological industry, energies between unit positive charges placed in the proto-
which is interested in improving the thermostability of nation sites of ionizable groups are estimated using the
enzymes. The efforts in this direction have concentrated onsolvent-accessibility-corrected Tanferiirkwood model
repacking the hydrophobic cores, engineering disulfide (14), and subsequently, the pairwise chargharge interac-
bridges, adding extra hydrogen bonds or salt bridges, andtion energies are calculated as averages over the protonation
improving secondary structure propensities or side chain states of the native protein on the basis of the Bashford
helix dipole interactions1—8). All these methods can be Karplus reduced-set-of-sites approximatidg)( This ap-
characterized as optimizing the local short-range interactions.proach is indeed a simple one (chargdarge interactions
Such an approach is well justified because it is becoming in the unfolded state and solvation terms in the native state
more and more clear that the protein folding is a hierarchical are neglected), but precisely because of its simplicity, it leads
process and thus is mostly driven by local interactidhs (  to easily testable predictions. Thus, one of the outcomes of
10). However, this does not mean that the final native state oyr TK—BK calculation is the energy valu@\V.Cfor each
of the protein is stabilized exclusively by the short-range ionjzable group from the chargeharge interaction of group
interactions {1, 12). Long-range interactions such as charge i with the rest of the ionizable groups in the protein. A
charge interactions will also contribute to the stability of pro- positive value forfWDindicates that the group is predomi-
teins. To address this issue, we developed a simple approaciyantly involved in destabilizing interactions with groups with
[the “TK—BK procedure” {3)] that allows us, nevertheless, the same charge and, accordingly, that charge deletion
to determine the regions of the protein surface where redesignytations at position will eliminate destabilizing interac-

tions and enhance the stability of the protein. Even larger
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To validate this approach experimentally, we applied the 4
TK—BK procedure to the molecule of ubiquitin. Ubiquitin
is a small globular protein with 76 amino acid residues. The
secondary structure of this protein consists of a three-full
turn a-helix positioned on top of a four-strafdsheet 16).
Unfolding of the ubiquitin was shown to be a two-state
process in both the equilibriuni 7, 18) and kinetic experi-
ments (9). The molecule has an almost equal number of
basic (four arginines, seven lysines, and one histidine) and
acidic residues (six aspartates and five glutamates) which
all are highly solvent exposed. This suggedi8, 0) that
the effect of the local environment on the ionization
properties of residues in the native state will be greatly
reduced. We generated 11 single-site amino acid substitutions R 20 20 60 80
of the ubiquitin molecule at the positions which according

to the TK—BK procedure would lead to the changes in
P 9 Ficure 1: Bar graph of the energies due to the chargearge

sta_b|l|_ty and_expenmentally measured_ the stabilities Of_ th_eseinteractions of all ionizable residues in the ubiquitin molecule at
ubiquitin variants. We show that there is excellent qualitative iy 50 as a function of the residue number in the sequence.

agreement between experimentally measured and predictecalculations have been carried out using the Tanrfitidkwood

<W,> (kJ/imol)

Residue number

values for the stabilization of the ubiquitin molecule. model (14) with the Bashfore-Karplus approximation 15) as
described previouslyl@). Positive values ofW[indicate that the
MATERIALS AND METHODS amino acid side chains are involved in predominantly destabilizing

charge-charge interactions, while negative values [Wf[lcor-
Site-directed mutagenesis, overexpression, and purificationrespond to the amino acid side chains that are involved in pre-
of the ubiquitin variants were performed as described dominantly stabilizing interactions. Selected residues are identified
. . S . above each bar. Underlined amino acid residues are the sites where
previously (7). Cha_nges in eII|pt|C|t_y at222 nmasafunction o potititions were made.
of urea concentration were monitored on a JASCO J-715

spectropolarimeter at 23C using 1 mm cylindrical quartz ¢ the Gibbs energy of unfolding on denaturant concentration
cells. Two protein stock solu'qons at a co_ncentratlo_n Qf 0.5 andCy is the urea concentration at the midpoint of a two-
mg/mL were prepared. Solution A contained protein in 50 416 transition. Data for all ubiquitin variants were simul-
mM sodium acetate (pH 5.0). Solution B contained protein taneously analyzed (global analysis) according to eg8 1

in 10_ M urea andi 50. mM sodium acetate (pH 5.0). 'I_'he using commor@y(C) and ®y(C) functions and a common
protein concentration in these two solutions was equalized y, yalue. Errors inAG?.. are 95% confidence intervals.

spectrophotometrically using a Hitachi U2001 spectropho- The calculations ofeiﬁe energy of chargeharge interac-

tometer {7, 18). Protein solutions at varied urea concentra- i« \vere performed using the solvent-accessibility-corrected
tions were prepared by mixing solutions A and B in different Tanford-Kirkwood model (4) with Bashford-Karplus

proportions. Final urea concentrations were obtained by reduced-set-of-sites approximatiats]; this TK—BK pro-
measuring the diffraction index as described previoualy. ( cedure was performed as described, previouss). (
Transition curves were analyzed according to a two-state '

model where the equilibrium constaite(C), is given by RESULTS AND DISCUSSION

O,(C) — 64(C) The results of TK-BK analysis of the ubiquitin molecule
KeC) = .00 -6 (1) in terms of chargecharge interactions at pH 5.0 are
x(C) u(©) presented in Figure 1. Each bar represents the enéigy,
of charge-charge interactions of a given residuewith all
other residues, including charges at the C- and N-termini. It
must be emphasized that the calculated energy term estimates
only charge-charge interactions and only in the native state
of the protein and it does not take into account other
‘interactions such as hydrogen bonding, charge helix dipole
interactions, secondary structure propensity, etc. It is clear
AG(C) = —RTIn Keq(C) ) Irom Figure 1_that most ionizable groups in_ubiquitin are in
avorable environments from the point of view of charge
charge interactions (i.e., most groups are predominantly
interacting with charges with the opposite sign). There are,
however, six residues which are predicted to have unfavor-
AG(C) = AGg,, — mCy, (3) able chargecharge interactions. These are Lys6, Asp24,
Arg42, Lys48, His68, and Arg72. Two of these, Asp24 and
where the so-called denaturamtvalue is the dependence LYS48, are predicted to have relatively small unfavorable
contributions, only 0.3 and 0.5 kJ/mol, respectively. For
1 Abbreviations: CD, circular dichroism; LEM, linear extrapolation comparison, the other four residues (LySG’ Arg42, His6s,

method; TK-BK, Tanford—Kirkwood model with the Bashford and Arg72) are predicted to have destabilizing charge
Karplus approximation. charge energies that are several times larger (2.3, 2.0, 2.6,

where O\(C) and ©y(C) are the dependencies of the
ellipticity at 222 nm on denaturant concentrations (taken to
be linear) for the native and unfolded states, respectively,
and®x(C) is the experimentally measured ellipticity at 222
nm. The Gibbs energy at a given concentration of denaturant
AG(C), is related to the equilibrium constant

To obtain the Gibbs energy at zero denatura,, the
linear extrapolation method (LEMwas used %1, 22):
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Table 1: Structural and Thermodynamic Description of Ubiquitin
Variants -2500 .
fraction <= 3000 4 [Q1(C) R
ubiquitin exposed secondary AGf Ci AAGE* AAG-{ ] I &y
variant (%)  structuré (kJ/mol) (M) (kJ/mol) (kJ/mol) .g 3500 4 %%
wildtype - - 252410 599 0 ? e / ] ]
K6E 65 p-1 27.4+1.1 6.51 2.2 45 © .4000 - f )/
K6Q 65 B-1  263+11 625 1.1 2.4 2 , ;
K27Q 11 o 17.2+0.7 4.09 -8.0 -2.6 T 4500 -
K29Q 45 a 19.0+ 0.8 451 -7.0 —-2.0 E
K29N 45 o 18.2+ 0.7 432 —-6.2 -2.0 o -5000 4
R42E 49 p-4 32.0+£ 1.3 7.60 6.8 3.6 =
H68Q 58 p-3 275+ 1.1 6.53 2.3 2.8 00
H68E 58 B3 284112 675 3.2 5.4 % ... [laio)
R72Q 58 p-3 238+ 1.0 565 —-14 1.3 f T T T e
0 2 4 6 8 10

aFraction exposed is defined as AYASAY, where ASA' and

ASAV are the water accessible surface areas of the amino acid side
chain in the native and unfolded states, respectively, calculated as

described previously2@). ® Secondary structure of the residue as given
in the header of Protein Data Bank file 1UBRAGE,, was obtained
by globally fitting the experimental data depicted in Figure 2 to eq 3
using the samen (42104 160 J/mol). 9 Cy, is the concentration of

urea at which the populations of the native and unfolded molecules

are the same; i.eAG(Cy) = 0. ¢ Defined asAAG,, = AGg, (mut)
— AGE,(WT). "Defined asAAGq—q = AGq—q(Mmut) — AGq—o(WT),
where AGy-«(WT) and AGq-q(mut) were calculated using the K
BK procedure as described previoushB).

Urea Concentration (M)

Ficure 2: Dependence of the ellipticity at 222 nm on the urea
concentration for the ubiquitin variants: wild typ®@), K6E (®),

K6Q (2), K27Q (a), K29Q @), K29N (), R42E (v), H68Q ©),
H68E (v), and R72Q[). Dashed lines show the dependencies of
ellipticities of the native®y(C), and unfolded®,(C), states on
urea concentrations. Solid lines show the results of the nonlinear
regression analysis according to egs3l

to that of the wild type AAGy,, calculated on virtually
substituted structures (Table 1).
The structure and stability of the ubiquitin variants were

and 1.2 kJ/mol at pH 5.0, respectively). Then basic to neutral studied using far-UV CD spectroscopy. The spectra for the
amino acid and basic to acidic amino acid substitutions at variants collected in the range from 250 to 195 nm had
these four positions are expected to eliminate unfavorable shapes and absolute values similar to those of the wild-type
charge-charge interactions or to replace them with stabiliz- protein, indicating that there were no detectable structural
ing interactions in the case of the charge reversal substitu-changes upon substitution (data not shown). Such an outcome
tions, thus increasing protein stability. This prediction can was expected on the basis of the consideration that all amino
be easily tested experimentally, by measuring the changesacid substitutions were introduced at the solvent-exposed

in the stability of ubiquitin variants generated using site-
directed mutagenesis.

We generated six variants of ubiquitin with substitutions
at residues Lys6 (K6E and K6Q), Arg42 (R42E), His68
(H68Q and H68E), and Arg72 (R72Q). The H#HBK

positions of the ubiquitin molecule (Table 1).

The unfolding of the ubiquitin variants was induced by
changing the concentration of urea in solution at pH 5.0 and
was monitored by changes in the ellipticity at 222 nm. The
actual results of measurements of ellipticity after correction

procedure was applied to these six variants. For the variantsfor the protein concentration are plotted as a function of urea
resulting from charge reversal mutations, we assumed forconcentration in Figure 2. From the data presented in Figure
calculation purposes that the new charge was in the same2, it is clear that the generated variants of ubiquitin have
position and had the same accessibility as the old one. Thestabilities different from that of the wild type with the amino

charge-charge contributions to the unfolding Gibbs energies
were obtained using the TKBK procedure, and the results
relative to the wild type (i.e., a8AGy—q values) are given

in Table 1. Note thahAGy—4 > 0 for the six ubiquitin
variants. Thus, on the basis of the calculations of charge
charge interactions in ubiquitin, all six amino acid substitu-
tions (K6E, K6Q, R42E, H68Q, H68E, and R72Q) will lead
to anincreasein the stability of the variants, as was to be
expected from the positivid\iClvalues for the four positions
where substitutions were introduced (Figure 1).

As a control, we also generated ubiquitin variants with
amino acid substitutions at positions 27 and 29 (Figure 1).
The energies of chargeharge interactions of Lys27 and
Lys29 calculated according to the THBK procedure are
stabilizing by 2.8 and 2.1 kJ/mol at pH 5.0, respectively.
We generated three ubiquitin variants (K27Q, K29N, and
K29Q), replacing basic Lys27 and Lys29 with neutral Gin

acid substitutions having both stabilizing and destabilizing
effects on the protein stability. Quantitative analysis of the
unfolding curves was performed according to a two-state
model using eqs-13. The results are presented in Table 1.
For the wild-type protein, the stability is estimated to be 25.2
+ 1.0 kJ/mol under these solvent conditions (Z5and pH
5.0), which is in agreement with the value expected from
the pH dependence of the Gibbs free energy reported by us
previously (L3). The diversities in stabilities of the ubiquitin
variants are significant and range from 17.2 to 32.0 kJ/mol.
This results in changes in stabilities relative to that of the
wild-type protein, AAGg,,, ranging from —8.0 to 6.8
kJ/mol (Table 1).

The experimentally obtained changes in stabilities of the
ubiquitin variants at 25°C and pH 5.0,AAG,, are
compared with the changes expected on the basis of the
changes in the chargeharge interactionsAAGq—q, in

or Asn residues. These variants of ubiquitin are expected toFigure 3. Several interesting features can be observed from

have a stabilitjower than that of the wild-type protein, as
judged by thdWi[values of the substituted positions (Figure
1) and the energies of chargeharge interactions relative

the plot in this figure.
The plot of AAGE,, versusAAGq-q is clearly linear with
a positive slope, indicating that there is a direct correlation
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10 T stability of 2.3 kJ/mol (H68Q) and 3.2 kJ/mol (H68E). The
ya most dramatic increase in stability (6.8 kJ/mol) was observed
R42E . ] for the R42E variant of ubiquitin. These three sites have
. overall unfavorable chargecharge interactions, and it was
*| @ HesE expected that amino acid substitutions at these positions will
H68Q K6E be stabilizing. Thus, the increase in stability vegslitatively

K6 + i predicted on the basis of the change in the energy of charge
R72Q ]

w
-

charge interactions (Table 1 and Figure 3).
] Calculations of energies of chargeharge interactions by
. ] the TK—BK procedure also predicted that the positive charge
K29N 1 on Arg72 has overall unfavorable contribution, and thus,
K27Q ] substitution of the basic side chain should have a stabilizing
! ] effect. However, the R72Q variant of ubiquitin at pH 5.0 is
1.4 kJ/mol less stable than the wild type. Arg72 is the only
residue among the studied ones that forms additional inter-
AAG, (kd/mol) actions. Analysis of the three-dimensional structure of the
FiGurRe 3: Correlation between calculated and experimentally Wild-type ubiquitin according to the algorithm of Stickle et
measured changes in the Gibbs energies of ubiquitin variants with al. (23) shows that NE of Arg72 can possibly form hydrogen
site-directed substitutions. The dashed line is the linear fit of the honding interactions with the backbone carboxyl oxygen of
data with a slope of 1.6. The solid line shows the line with a slope Glu41 situated 3.01 A away. Thus, amino acid substitution
of 1.0 expected for a perfect correlation. . -
of Arg72 with GIn not only will affect chargecharge
between the experimental and predicted values of the stabilityinteractions in the ubiquitin molecule but also will lead to a
of ubiquitin variants (correlation coefficient of 0.98). Nev- loss of one hydrogen bond. The energetic contribution of
ertheless, the slope of the line is 1.68, significantly different hydrogen bonding to protein stability is well established and
from 1, and it does not pass through the origin. This meansis estimated to be on the order of 4 kJ/mé] 24). Taking
that the predicted values are ordyalitatively tracing the this into account, we should expect that the combined effect
experimental values oAAGg,, for the ubiquitin variants.  of charge-charge interactions and the loss of hydrogen bonds
Such qualitative agreement betweAnGg, ; and AAGyq upon amino acid substitution at position 72 should lead to a
can be anticipated because the calculated energies accourttecrease in stability, exactly what we observe experimentally.
only for the charge charge interactions and ignore all other We believe that the results obtained for the R72Q variant of
numerous possible contributions (for a review, see efs  ubiquitin are very important. They show that chargharge
and10 by Baldwin and Rose). More remarkable is the fact interactions are not the only contributors and that quantitative
that although the predicted values are different from the prediction of protein stability is much more complex and
experimental ones, there is a significant correlation betweenrequires accounting for other interactions.
AAGE,,andAAGq-q. The existence of such a correlationis  Nevertheless, the data obtained in this study provide
more important than the absolute values and can beexperimental evidence for the feasibility of increasing protein
interpreted as showing that the chargdarge interactions  thermostability by improving chargecharge interactions on
under these solvent conditions are the most important the surface of the protein. It is also possible that optimized
interactions for basic residues at the largely solvent-exposedsurface chargecharge interactions provide structural deter-
sites of the ubiquitin molecule. minants for enhanced stability of proteins from thermophilic
The K27Q, K29N, and K29Q variants of ubiquitin were organisms. This idea is not far from the hypothesis proposed
generated to serve as a positive control. Amino acid residuesby Max Perutz in 1978 who wrote “Enzymes of thermophile
Lys27 and Lys29 were predicted to have favorable stabilizing bacteria owe their extra stability mostly to additional salt
charge-charge interactions, and thus, their substitution was bridges” £5). Detailed comparative analysis of electrostatic
expected to lead to destabilization. This is exactly what was interactions to the stability of homologous proteins from
observed experimentally. K27Q, K29N, and K29Q variants mesophilic and thermophilic organisms also suggests that
of ubiquitin were found to be 8.0, 7.0, and 6.2 kJ/mol less not only the number of salt bridges but also their relative
stable than the wild-type protein, respectively. We must note location is importantZ6, 27). Despite the relative success
that the absolute values of destabilization energies are muchn the stabilization of the ubiquitin molecule via improved
higher than the predicted ones (Table 1 and Figure 3), charge-charge interactions, more experimental and theoreti-
presumably due to the presence of interactions other thancal studies exposing strengths and weaknesses of this
charge-charge interactions which were perturbed upon approach are necessary.
amino aqd substltut!c_)n. Howevegualitatively amino acid ACKNOWLEDGMENT
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